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A b stra c t
This study uses cross-sectional modeling to explore the saturated ground­
water flow at Yucca Mountain in a multi-layer system. Cross-sectional modeling 
allows the simulation of vertical leakage not included in areal models. The cross 
section of this study was constructed along an estimated streamline and is 84.3 
kilometers long. The conceptual model includes an upper volcanic and lower 
carbonate aquifer separated by an aquitard. Down-gradient, in the Amargosa 
Desert, is an alluvial aquifer. Two scenarios of the model were calibrated to 
gain an understanding of the possible variations of ground-water flow. Results 
from this study indicate that some groundwater flows beneath the high-gradient 
(low conductivity) zone through the carbonate aquifer. The volcanic aquifer, 
south of the high gradient zone, must be supplied with additional groundwater 
as the low conductivity zone cannot transmit enough water to maintain the 
heads observed there. Upward leakage from the carbonate aquifer and recharge 
at Fortymile Wash provide the needed supply. Recharge alone is insufficient 
to maintain the observed heads, and upward leakage from the carbonates is 
also required. The model of this study was most sensitive to the vertical dis­
tribution of hydraulic conductivity north of the proposed repository site. This 
conductivity distribution determined the amount and location of groundwater 
entering the model which profoundly affects the distribution and amount of 
leakage occuring near the proposed repository.
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D isclaim er
This is a parametric study of saturated flow along an approximated streamline in the 
Yucca Mountain area. It is not intended to be used as a final or conclusive study 
of ground-water flow in the Yucca Mountain area nor is it intended to qualify or 
disqualify Yucca Mountain as the high-level nuclear waste repository. More data is 
needed to make this model a reliable representation of the real world.
11 Introduction
Yucca Mountain is currently being studied as a site for a high level nuclear waste 
repository. While the unsaturated zone is expected to be the primary barrier to ra­
dionuclide migration, an understanding of ground-water flow in the saturated zone is 
an important component for determining the containment of radionuclides. Numerical 
modeling is one technique being used to gain an understanding of the Yucca Mountain 
flow system. Previous numerical models of the area by Waddell (1982), Czarnecki 
and Waddell (1984), Czarnecki (1985), and Rice (1984) consider ground-water flow as 
purely horizontal in a single aquifer, neglecting vertical flow in a multi-layer system. 
Sinton (1987) constructed a quasi-three-dimensional model with a two layer system 
and a leakance between the layers. The present work examines ground-water flow 
in two dimensions, but in cross section rather than areally. In cross-sectional mod­
eling, the hydraulic conductivity and pressure head determine leakage rather than 
the prescribed leakage of some quasi-three-dimensional models. Using cross-sectional 
modeling, this study explores the stratigraphic and possible structural controls on 
ground-water flow in the saturated zone.
1.1 O b jectives
Areal numerical models of the Yucca Mountain flow system have provided information 
about horizontal directions and magnitude of ground-water flow. These models limit 
investigations to a  one-aquifer system. Cross-sectional modeling provides another 
dimension in which to explore the flow system.
The objective of this study is to construct a multi-layer cross-sectional ground­
water flow model consistent with available geologic and hydrologic data. This model
will help answer two main questions:
1. Does vertical flow occur between the volcanic and carbonate aquifers, and if so, 
in which direction and where is the leakage occurring?
2. W hat are the principal factors that control the distribution of this leakage?
2 Background
The Yucca Mountain area of southeastern Nevada (Figure 1), has been studied ex­
tensively as the proposed nuclear waste repository site. Existing geologic, hydrologic, 
and geophysical studies of the Nevada Test Site and Yucca Mountain provide the 
basis for the conceptual model presented in this study.
2.1 G eology
The Yucca Mountain area has a complex geologic history which includes periods of 
sedimentary deposition during the Paleozoic, deformation and erosion in the Paleo­
zoic and Mesozoic, followed by deposition of Tertiary-age volcanic tuff from nearby 
calderas, and Cenozoic Basin and Range tectonism and continued erosion. Robinson 
(1985) discusses the structure of pre-Cenozoic rocks and their deformational history. 
Winograd and Thordarson (1975), U. S. Department of Energy (1988), and USGS 
(1984) give detailed overviews of the geologic history of the Yucca Mountain area. Ge­
ologic and geophysical interpretations of Robinson (1985), Snyder and Carr (1982), 
Healey and Miller (1971), Scott and Bonk (1984) and Waddell (1984), along with 
stratigraphic data from Yucca Mountain well reports, were used to define the stratig­
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Figure 1: Location of Yucca Mountain and surrounding area with subregional model 
boundary (Czarnecki and Waddell, 1984) and location of this study's cross section. Mod­
ified from Czarnecki and Waddell, 1984.
lack of data did not allow the inclusion of their effects, except as a possible mechanism 
for concentrating leakage between aquifers.
2.2  H ydrogeology
A comprehensive analysis of the hydrogeology in the vicinity of Yucca Mountain and 
the Nevada Test Site is given by Winograd and Thordarson (1975). Another source of 
hydrogeological information is U. S. Department of Energy (1988). It is a compilation 
of work to date on the hydrology and geology of Yucca Mountain.
Winograd and Thordarson (1975) found that ground-water flow was strongly af­
fected by the geology and defined several hydrostratigraphic units found at the Nevada 
Test Site. Robinson (1985) extended these units to the Yucca Mountain area along 
with an interpretation of their geometry in the subsurface based on geologic and 
geophysical data. In order of age (oldest to youngest) these units are 1) the lower 
carbonate aquifer, 2) the upper clastic aquitard, 3) the volcanic aquifer, and 4) the 
valley fill aquifer.
D ata on the lower carbonate aquifer are sparse in the Yucca Mountain area. Well 
U E-25p#l penetrated Silurian carbonates (Craig and Robison, 1984), which are part 
of the lower carbonate aquifer defined by Winograd and Thordarson (1975). It is the 
only well in the Yucca Mountain area that penetrates pre-Cenozoic rocks. The depth 
and extent of the lower carbonate aquifer is only inferred from geophysical data.
Previous numerical modeling studies have been done by Waddell (1982), Rice 
(1984), and Sinton (1987) on a regional scale, and Czarnecki and Waddell (1984) and 
Czarnecki (1985) on a sub-regional scale.
Hydrogeologic reports of data collected from Yucca Mountain wells are contained
5in reports by Bentley and others (1983), Bentley (1984), Craig and others (1983), 
Craig and Robison (1984), Lahoud and others (1984), Rush and others (1984), Thor­
darson (1983), Thordarson and others (1985), and Whitfield and others (1984). These 
reports along with Winograd and Thordarson (1975) and Robinson (1985) provided 
the basis for the conceptual hydrostratigraphy of this study.
3 M odel D esign
3.1 C oncep tu al M od el
In this study, the ground-water flow system in the Yucca Mountain area is visual­
ized as a multi-layer system consisting of three aquifers and an aquitard, with each 
hydrologic unit considered internally homogeneous and isotropic. The general flow 
direction is north to south, with higher heads in the underlying carbonates.
Formulation of the conceptual model requires specification of the location of the 
cross section, the depth of flow, the geometry of hydrogeologic units/properties, and 
boundary conditions. The cross section was constructed to approximately follow a 
streamline from the sub-regional areal flow model of Czarnecki and Waddell (1984) 
and extends from Beatty Wash (just south of Timber Mountain) to the north end 
of Alkali Flat (Franklin Lake Playa) near Death Valley Junction (Figure 2). These 
boundaries were chosen because of the uncertain nature of flow further north through 
Timber Mountain and because Alkali Flat is the known discharge point. A cross 
section tha t follows a streamline assumes that no water flows in or out of the sec­
tion except at the boundaries. The depth of the section was chosen to include the 
important hydrostatigraphic units of the area and give a reasonable thickness of cir-
6
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Figure 2: Location of the Yucca Mountain area showing streamline estimated from Czar­
necki and Waddell (1984), cross section location, and contours of the potentiometric 
surface used in calibration of the model.
culation, two to three kilometers, based on interpretation of thermal data from the 
Nevada Test Site and Yucca Mountain (Sass and Lachenbruch, 1982).
Figure 3 is the visualization of the cross-sectional hydrostratigraphy of this study. 
The numerical model approximates this stratigraphy.
The lower unit of the model is considered to be a carbonate aquifer. Location and 
depth of the carbonate aquifer in most of the study area can only be inferred from 
geophysical and geochemical data. Robinson (1985) interpreted geophysical data to 
indicate that north and west of UE-25p#l the carbonate surface plunges. North of the 
model area lies the Timber Mountain caldera. It is assumed that any carbonates once 
present at Timber Mountain were eradicated by volcanism (U.S. Dept, of Energy,
1988).
Above the carbonate aquifer lies an aquitard. Magnetic surveys of Bath and 
Jahren (1984) indicate that the Eleana formation, an aquitard, extends from Calico 
Hills (east of the model area) to the vicinity of Yucca Mountain wells G -l and G-2. 
The Eleana probably extends as far west as the cross section of this model (Robinson, 
1985). An aquitard is inferred beneath the volcanic aquifer based on head differences 
observed in U E-25p#l between volcanic and carbonate units (Craig and Robison, 
1984). Given these data, the aquitard is extended beneath all volcanic units in this 
model (Figure 3).
A volcanic aquifer lies above the carbonates at Yucca Mountain. Volcanic tuffs 
at Yucca Mountain are reported as aquifers and aquitards depending on their degree 
of welding; the densely welded tuff tends to be more fractured and is considered an 
aquifer while non-welded tuff is not highly fractured and is considered an aquitard 
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Figure 3: Conceptual model of stratigraphic relationships of hydrogeologic units.
9different Tertiary-age tuff formations as the major water producing units. Due to the 
high variability in degree of fracturing as well as lack of data, this model considered 
all saturated volcanics to be a single homogeneous aquifer and did not separate the 
volcanics into various aquifers and aquitards. Gravity surveys by Healey and Miller 
(1971), and other geophysical reports surveyed by Robinson (1985) suggest that the 
volcanics pinch out a few kilometers north of Lathrop Wells under the alluvium.
In the southern portion of the study area lies an alluvial aquifer. Gravity data 
of Healey and Miller (1971) suggest the depth of alluvium as 1500 to 2000 meters in 
some parts of the Amargosa Desert. This is shown qualitatively in Figure 3.
3.2 A ssu m p tion s
Certain assumptions must be made when modeling because of incomplete data and the 
need for simplification to make the problem feasible. This study makes the following 
simplifying assumptions:
1. The cross section follows a streamtube of all hydrologic units (i.e. flow in the 
volcanics and alluvium is parallel to flow in the carbonates in plan view) and 
the streamtube is of constant thickness. No flow occurs across the plane of the 
cross section.
2. Steady-state conditions prevail; there is no change with time in any parameter 
in the model. The steady-state assumption may not be completely accurate, 
but errors associated with the steady-state assumption are small (Brikowski,
1989).
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3. All hydrogeologic units are homogeneous and isotropic and exhibit Darcy flow 
on the scale of this model. Although tests show that most flow in the modeled 
units occurs through fractures, except in the alluvial aquifer, insufficient data 
are available to simulate fracture flow. The assumption is tha t the scale of the 
model is large enough so that fracture flow can be approximated by a porous 
media equivalent (Darcy flow).
4. Hydrogeologic units are divided in a manner that simulates the actual study 
area. Geology of the aquitard and lower carbonate aquifer are inferred by 
hydrogeologic and geophysical data.
5. Faults are not a major influence on the flow system. D ata are not available to 
include the effects of faults in this model, however, faults could be the conduit 
for concentrated leakage which is explored in this model.
3.3 C om p u ter C ode
VAM2DH by HydroGeoLogic Inc. (Huyakorn and others, 1988) is the code used in 
this study. It was chosen because of its ability to model water table conditions (i.e. 
allowing fully saturated and variably saturated porous media) in cross section and the 
availability of the source code and documentation. Appendix A lists the governing 
equations used by the code.
Documentation of VAM2DH included code verification tests. Verification tests 
were also performed in this study to determine the code’s ability to simulate water 
table conditions in cross section and to gain familiarization with the code. The 
model results were compared with analytic solutions, mainly those of Bear (1979),
11
or numerical results of other models when no analytic solution was available. These 
tests and the solutions are summarized in Appendix B.
3.4  M esh  D esig n
The cross section is 84.3 kilometers in length and follows a streamline derived from a 
vector plot of flow from Czarnecki and Waddell (1984). A mesh of elements was then 
chosen with element aspect ratios (length:width) of five to  one or less. Denser grid 
spacing occurs in the high-gradient zone.
Using the conceptual model as a guide, groups of elements were defined as zones 
corresponding to hydrostratigraphic units in the conceptual model. A zone is an area 
assumed to be homogeneous with respect to hydraulic properties. The element grid 
and hydrogeologic zonation of the model are contained in Figure 4.
3.5 B oundary C ond itions
Constant head boundary conditions were applied at both ends of the grid and all 
other boundaries were considered to be impermeable. On the north, up-gradient, end 
of the model the heads were set at 1220 meters in the volcanic aquifer and 1240 meters 
in the lower carbonate aquifer based on pressures measured at well U E-25p#l. The 
southern boundary heads were fixed as 620 meters in both the alluvial and carbonate 
aquifers.
3.6 H ydraulic H ead  for C alibration
Published reports and data collected by Peter Sinton (Sinton, 1987) were used to 
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model. Most data were composite heads and the model was calibrated to the po- 
tentiometric surface. The contours shown in Figure 2 of the potentiometric surface 
were then used to estimate heads along the cross section in areas where the section 
did not pass directly through a data point. Contours were used because there are 
very few data points in the northern part of the model area and some criteria was 
necessary for calibration. Eleven points along the cross section (see Figure 2) were 
chosen as calibration points and a sum of least square residuals between “observed” 
and simulated heads was used to find a best fit.
4 M odel Procedure
After defining the grid, material geometries and boundary conditions, initial hydraulic 
conductivities were assigned to each zone of the model based on results of Czarnecki 
and Waddell (1984) and average conductivities observed for aquitards and carbonate 
aquifers (Freeze and Cherry, 1979). Unsaturated rock properties were estimated by 
an empirical formula given in Appendix A (derived from Brooks and Corey, 1966, and 
Mualem, 1976). Empirical parameters were assigned to correspond to representative 
unsaturated hydraulic conductivity values of fractured tuffs reported by Klavetter 
and Peters (1986) (Figure 5).
Through a series of VAM2DH runs, each zone’s saturated hydraulic conductivity 
was adjusted to minimize residuals (i.e. the difference between the observed water 
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Figure 5: Hydraulic conductivity versus suction head of this model. (From Klavetter and 
Peters, 1986).
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4.1 C ase I and C ase II
Hydraulic conductivity of the high-gradient zone can only be inferred by the steep 
gradients of the water table, no wells penetrate the area. To investigate the effects on 
the flow system of different hydraulic conductivities in the high-gradient zone (zone 
7, Figure 4), two scenarios were calibrated. The first scenario, Case I, had a hydraulic 
conductivity in zone 7 similar to that for the same area of Czarnecki and Waddell 
(1984), which is about one order of magnitude smaller than the surrounding units 
(Figure 6).
A second scenario, Case II, was calibrated by assigning initial conditions in zone 
7 with a much lower hydraulic conductivity (three orders of magnitude less than 
surrounding units, Figure 6). The low conductivity of the high-gradient zone (zone 
7) required a larger and more concentrated leakage to maintain heads in the proposed 
repository area. Concentrated leakage was achieved by assigning a higher hydraulic 
conductivity to one of the aquitard elements (see Figure 4).
5 M od el R esu lts
The simulated water table elevation ranged from 1220 meters at the north end of 
the cross section to 620 meters in the south at Alkali Flat (Figure 7). Model output 
was in the form of pressure head, but for convenience of interpretation all pressures 
were converted to total head (pressure head +  elevation). Appendix C contains 
output information of pressure head and velocity calculated for each node and element 
respectively.
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18
Case I and -20.0 to +37.2 meters in Case II (Figure 8). The largest residuals occur 
where hydraulic head is extrapolated from data points by contouring, and may be 
partially or wholly caused by misplaced contours. The north end of the model has 
few data points and the contours may differ from real heads by 50 meters or more. 
The maximum residual at data points (i.e. wells) is -4.9 to +10.2 meters in Case I 
and +0.8 to +8.3 meters in Case II.
Figure 6 gives the hydraulic conductivity distributions determined by the this 
study. Field values and model estimates of hydraulic conductivity are likely to differ. 
In both volcanic and carbonate rocks most ground-water flow is through fractures and 
solution cavities. Hydraulic conductivities can vary greatly within a short distance 
because of the complexity and discontinuity of fractures. The model determined the 
average hydraulic conductivity in the direction of flow for each hydrogeologic zone.
5.1 C ase I versus C ase II
The differences and similarities of results from Case I and II give insight to the 
Yucca Mountain flow system as viewed in cross section. Case I had input of smaller 
hydraulic conductivity contrast in the high-gradient zone (zone 7, Figure 4) with the 
result being a smaller and more distributed leakage (Figure 9). Case II results were 
a large conductivity contrast in zone 7 with a larger and more concentrated leakage.
6 D iscussion
Upward leakage occurs in both scenarios of this study. This leakage must occur in 
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Figure 9: Vertical velocity at -280m elevation (near the aquitard). Downward velocity at 
38,000 meters is produced by the ending of the aquitard.
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Table 1: Hydraulic conductivity and leakage distribution of model results
zone. In both scenarios, net upward leakage occurs but zones of downward flow are 
present (Figure 9).
The key to understanding the necessity of upward leakage at Yucca Mountain 
lies in understanding the effect of the high-gradient zone. Areas of high-gradient 
in steady-state flow are caused by zones of low hydraulic conductivity which inhibit 
ground-water flow. The volcanic aquifer of the high-gradient zone in this study cannot 
transport enough groundwater laterally to maintain heads down-gradient; water must 
be supplied from another source. In this model, groundwater flows under the low 
conductivity zone through the carbonate aquifer then leaks upward to help maintain 
heads.
Results of geochemical modeling indicated that ground-water samples taken from 
the volcanic aquifer of well UE-25p#l consist of 32% carbonate water and 68% water 
from the volcanic aquifer (Matuska, 1989). Immediately above the aquitard at well 
U E-25p#l, Case I would result in an apparent mix of 38% carbonate water in the 
volcanic aquifer and Case II about 97% carbonate water. Matuska’s samples were 
taken at an elevation unknown by this author. The distance of the sample point 
above the aquitard could have a profound effect on the ratio of carbonate to volcanic 
water since horizontal flow is dominant in the system. If Matuska’s modeling is a
22
good indicator, Case I is the better simulation of leakage in the Yucca Mountain 
area. The two scenarios are probably near the extremes of a two aquifer system with 
other scenarios lying between the two end members.
Case II (see Figure 10) indicates that a relatively large influx of water down- 
gradient of the high-gradient zone could produce the observed water table. The influx 
could come from various sources; in this study, those are upward leakage from a lower 
aquifer or recharge from Fortymile Wash. Out of section effects, such as lateral flow, 
are not likely to a significant degree and are not considered in this study.
This cross section parallels Fortymile Wash for approximately 5 kilometers. Recharge 
was simulated by a  series of source terms applied at 6 nodes corresponding to tha t 5 
kilometer stretch. The amount of recharge simulated corresponds to that of Sinton 
(1987). Although recharge was about 15% of groundwater that outflows at the south­
ern model boundary, it did not significantly affect the distribution of leakage or the 
percent carbonate water contribution to volcanic water at well U E-25p#l. Recharge 
simulated in this model did not constitute enough flux to maintain observed heads. 
Upward leakage was still needed in order to produce the observed water table.
Czarnecki and Waddell (1984) modeled recharge from Fortymile Wash to be 22,140 
m3/day, while Sinton (1987) predicted recharge to be about 6,044 m3/day and Feeney 
and others (1987) indicated 7,118 m3/day. It appears that Czarnecki and Waddell
(1984) needed more Fortymile Wash recharge in their model in order to have enough 
water down-gradient of the high-gradient zone to  maintain heads since they had 
no upward leakage. In this study upward leakage from the carbonates alone or a 
combination of upward leakage and pseudo-recharge from Fortymile Wash provide 
the groundwater necessary to maintain heads in the area south of the high-gradient
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Figure 10: Velocity vector plots of ground-water flow from Beatty Wash to mid-Amargosa 




Groundwater flows around the low conductivity zone in plan view also (Czarnecki 
and Waddell, 1984, plate 2). The distortion of the flow field causes the velocities to 
increase and the streamtube to become narrower in width at the high-gradient zone. 
The streamtube widens again immediately south of the high-gradient zone which 
should have some effect on water table levels. Some of the difficulties associated 
with moving water through the high-gradient zone could be from a three-dimensional 
effect but it is doubtful that this effect is enough to maintain heads at observed levels 
without upward leakage.
A few observations about the model may give insight to future studies of the 
Yucca Mountain flow system. The vertical distribution of hydraulic conductivity in 
zones 4 and 5 versus zones 7 and 8 (Figure 4, page 12) determines the amount and 
location of water entering the up-gradient end of the section (compare Figure 6 and 
Figure 10). This choice appears to be the main cause of differences between Case I 
and II. The conductivities of the other model zones required to  simulate observed 
heads are essentially determined by the amount and distribution of water entering 
the section. Amount and concentration of leakage down-gradient of the high-gradient 
zone depends on the amount of water that passes through zone 7, the volcanic aquifer 
of the high-gradient zone.
Field data are needed to distinguish between the scenarios. If the assumptions 
made in this study are valid, either the vertical distribution of hydraulic conductiv­
ity in the high-gradient zone or the amount and concentration of leakage must be 
determined to ascertain which of the two scenarios most accurately represents the 
Yucca Mountain flow system. W ithout field data, arbitrary choices for up-gradient
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hydraulic conductivities must be made which profoundly influence model results.
7 S en sitiv ity
The sensitivity of model output to input parameters gives an idea about how well 
the model is able to predict model parameters. The more sensitive model output is 
to the change of a given input parameter, the more confidence tha t the parameter is 
predicted accurately. A parameter that does not have much effect on model output 
has less confidence in being accurately predicted by the model.
Plots of water table elevation changes versus hydraulic conductivity for each model 
zone are contained in Appendix D. These plots indicate tha t the modeled water table 
in the vicinity of the high-gradient zone is the most sensitive to conductivity changes 
and that conductivity changes in up-gradient aquifers (zones 4, 5, 7, and 8) have the 
greatest influence on the predicted water table throughout the model.
While the sensitivity plots of Appendix D indicate the accuracy of the hydraulic 
conductivity estimates, the effect of these estimates on the distribution and amount 
of leakage is not shown. A study of leakage versus hydraulic conductivity estimates 
would require a more detailed study involving the calibration of many different con­
ductivity scenarios. This study will suffice with the two scenarios of Case I and 
Case II.
Model sensitivity to geometry is another important factor to consider. Robinson
(1985) suggests that the entire Yucca Mountain area is underlain by the lower car­
bonate aquifer, but at a lower elevation than this study presents. He suggests that 
the volcanic sequence at Yucca Mountain is much thicker than shown in this study. 
Model results are similar when the transmissivity of each unit is held constant. If
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units are actually thicker than shown in this model, but their relative positions with 
respect to one another are the same, this model gives a good indication of flow, but 
hydraulic conductivities in thicker units may be less than predicted by this study.
8 C onclusions
Cross-sectional modeling reproduced the observed water table within 10 meters at 
data points. Water table levels ranged from 1220 to 620 meters. The largest residuals 
occurred in areas of estimated water table levels. Some of this difference between 
modeled and observed heads could be from erroneous estimation of the actual water 
table rather than model errors.
In cross section, upward ground-water leakage from the carbonate to volcanic 
aquifer must occur in the vicinity of the proposed repository. The potentiometric 
surface cannot be simulated in a two layer system without upward leakage from the 
lower aquifer.
The low conductivity zone, which creates the high-gradient'zone north of the 
proposed repository, acts as a barrier to flow in cross section as well as in the areal 
model (Czarnecki and Waddell, 1984). Groundwater is directed beneath the low 
conductivity volcanics through the carbonate aquifer. The volcanic aquifer, in the 
vicinity of the proposed repository, must be supplied with additional groundwater 
as the low conductivity zone cannot transmit enough water to maintain the heads 
observed there. Upward leakage from the carbonate aquifer and recharge at Fortymile 
Wash provide the needed supply.
The model of this study was most sensitive to the vertical distribution of hy­
draulic conductivity north of the repository where no wells are present. Tl\is con­
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ductivity distribution determined the location and amount of groundwater entering 
the model which profoundly affects the modeled distribution and amount of leakage 
occuring near the proposed repository. Two scenarios were presented in this study. 
The scenario with a lower hydraulic conductivity in the high-gradient zone volcanics 
transm itted less groundwater and required a larger and more concentrated leakage 
than the scenario with the higher conductivity. Field data are needed to determine 
conductivity distributions or leakage amounts and distributions.
9 Future W ork and R ecom m endations
The high-gradient zone and areas to the north are defined by very few wells. Results 
from the cross-sectional modeling indicate tha t this area, especially the high-gradient 
zone, has the greatest affect on model outputs. Therefore, an understanding of the 
flow system up-gradient of the proposed repository is essential for predicting the 
movement of saturated zone groundwater. Field studies should concentrate efforts on 
the high-gradient zone and areas immediately north. These studies should focus on 
the nature and hydraulic conductivity of the high-gradient zone.
The main difference between the two scenarios of this study was the hydraulic 
conductivity of the high-gradient zone. In order to determine which of the two sce­
narios best describes flow at Yucca Mountain, either the hydraulic conductivity of 
the high-gradient zone or the amount and distribution of leakage needs to be defined 
by field work. Neither parameter is easy to define but it should be realized that in 
order for a more definitive study of Yucca Mountain saturated flow to be done, this 
information must be obtained by field work.
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A G overning Equations
VAM2D uses pressure head as the dependent variable. The governing equation for 
describing variably saturated, ground-water flow is (Huyakorn and others, 1988):
where:
pw density of water
0  pressure head
Kij saturated hydraulic conductivity
krw relative permeability with respect to the water phase
Xi (i = 1, 2) spatial coordinates
t time
ej unit vector assumed vertically upward
Sw water phase saturation 
(j> effective porosity
q volumetric flow rate via sources/sinks per unit volume of
the porous medium
In this study the fluid was assumed to be a slightly compressible fluid, therefore, 
the fluid density can be eliminated and equation (1) can be rewritten as:
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where S3 is specific storage.
Under steady state conditions there are no storage or source/sink terms in the 
flow equation. These terms are set equal to zero and the flow equation takes the form 
used in this study:
d ' dib
PwKijkrw(~Q^~ +  ei) = 0  (3)
Variably saturated flow is an extremely non-linear problem because hydraulic 
conductivity (K{jkwr) depends on moisture content, which in turn depends on flow. 
kwr is calculated by the code according to an empirical equation described by Brooks 
and Corey (1966) and Mualem (1976):
k _  (Sw -  Swr)n
( l - S * , ) "  ( )
and
Sw -  Swr j for <il)a
1 — S  I ^1 [ 1 for >  </>a
where n, a , /?, and 7 are empirical parameters, ?/>„ is air entry pressure and S wr is the 
residual water phase saturation.
Galerkin finite element formulation is used to approximate flow equations 3, 4, 
and 5. The pressure head function rp is approximated by a trial function which 
contains a basis function and the nodal value for at time t. The basis function is 
piecewise continuous over each element and is in the form of a linear weighted average 
(Huyakorn and others, 1984). When saturation Sw is less than one (i.e. above the 
water table, fringe effects neglected) this set of non-linear equations is solved by either 
Picard or Newton-Raphson iterative techniques. Additional effects such as hysteresis 
of wetting and drying soils, seepage faces, evaporation and infiltration, and water 
uptake by plant roots were not modeled in this study, but can be treated by the code.
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A more complete description of the solution techniques of the code are found in 
Huyakorn and others (1984) and Huyakorn and others (1988).
B V A M 2D H  C ode Verification
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VAM2DII is a finite element code supplied by HydroGeoLogic Inc. Documentation 
provided with VAM2DH (Huyakorn and others, 1988) has several examples of code 
verification. Further code verifications were done in this study by comparing model 
results to analytic solutions. An added benefit of the code verification is familiar­
ization of the modeler with the code, the governing equations and basic assumptions 
made in the code derivation.
The verifications done in this study are summarized below along with brief ex­
planations of important points tested by each trial of the code. All simulations were 
performed on the Sun 3/280 with operating system Unix 4.0.3.
B . l  Trial 1 - Linear W ater Table
This test was used to verify the capabilities of the code in a saturated cross-sectional 
flow problem. Toth (1962) approximated a small drainage basin in Canada by an an­
alytic solution. Simplifying assumptions are a homogeneous, isotropic aquifer whose 
water table slope is gentle enough to be approximated by a linear change in head along 
the top of a rectangular aquifer region (i.e. top boundaries were fixed heads). No-flow 
boundaries are assumed on both sides and the bottom (Figure 11). Figures 12 and 13 
contain the input data for running VAM2DH and a velocity vector plot of flow in the 
linear water table conditions, respectively. VAM2DH duplicated the analytic solution 




h = cx  + y(y=yc
A q u i f e r
x = 0 no flow x = s
B a s e m e n t  Rock.
Figure 11: Schematic representation of the linear water table problem. After Wang and 
Anderson, 1982.
37
Linear water table - unconfined flow, fully saturated, cross section
1 0 0 1 0  0 0 1 1 1 CARD 3
0 1 1 1 66 50 0 0 1 0 0 0 0 CARD 4
1 1 1 1 0  0..001 CARD 5
0 0 0 0 0 1 1 1 1 0 0 1 0 0 CARD 6
1.00e+02 CARD 8a
3. OOe-04 3.00e-04 0.00e+00 0.00e+00 O.OOe-f-OO 0.00e+00 0 0 CARD 10
6 11 20i.OO 20.00 0 0.0 CARD 14
20. 000 20. 000 200.000 100.000 1.00 1.00 0.00 0.00
11 0 0 0 CARD 19a
6 1 0 1.00e+02 CARD 19b
12 1 0 1.004e+2 CARD 19b
18 1 0 1.008e+2 CARD 19b
24 1 0 1.012e+2 CARD 19b
30 1 0 1.016e+2 CARD 19b
36 1 0 1.020e+2 CARD 19b
42 1 0 1.024e+2 CARD 19b
48 1 0 1.028e+2 CARD 19b
54 1 0 1.032e+2 CARD 19b
60 1 0 1.036e+2 CARD 19b
66 1 0 1.040e+2 CARD 19b
Figure 12: Input data for the linear water table problem.
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200.60 . 80 . 180 .20. 100. 120. 140 . 160 .
Figure 13: Velocity vector plot of linear water table flow problem.
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B .2  Trial 2 - F ixed  H eads, A real F low
This test simulates the flow between two side boundaries with fixed heads of 0.75 
meters on one end and 0.25 meters on the other. Figure 14 is a cross-sectional vi­
sualization of the areal model. Top and bottom boundaries are impermeable. This 
simulation is important for testing the code’s ability to emulate water table conditions 
and recharge. The form of the governing equations makes the unsaturated flow equa­
tion the one of choice as it updates the saturated thickness of the aquifer through a 
series of iterations giving a more accurate transmissivity than the saturated equation.
Bear (1979) developed an analytic solution for flow between two fixed head sur­
faces. The analytic solution has the form of which requires the free surface to be 
one of the element boundaries. Cross-sectional models do not have the free surface 
as an element boundary, and therefore do not exactly match the analytic solution. 
Areal flow is the only configuration that allows calculations in the form of the analytic 
solution.
One trial was run without recharge and the second trial was run with recharge 
occuring over the top surface of the model area. Figures 15 and 16 contain input 
data for no recharge and recharge, respectively. VAM2DH duplicated the analytic 
solutions to three significant digits.
R E C H A R G E





Figure 14: Cross-sectional schematic of areal fixed head problem.
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1
xed :heads--areal unconfined flow no recharge, variably saturated
1 0 1 0 0 0 0 1 0 1 CARD 30 1 1 1 42 20 0 0 1 0 0 0 0 CARD 41 1 9 9 0 0,.001 CARD 5
0 0 0 0 2 1 1 1 1 0 0 1 0 0 CARD 6
0.500 CARD 8a
3.00e-02 3 .00e-02 0.0 0.0 0.0 0.0 0 0 CARD 10
0.30e+00 4 .00e+00 0.56e+00 4.00e+00 1.00e+00 CARD 12a2 21 1.00 1.00 0 0.0 CARD 141.000 1.000 20.000 1..000 1.00 1.00 0.00 0.00
4 0 0 0 CARD 19a
1 1 0 0.750e+0 CARD 19b
2 1 0 0.750e+0 CARD 19b
41 1 0 0.250e+0 CARD 19b42 1 0 0.250e+0 CARD 19b1
42
CARD 29a
1 0.00 1 CARD 29b






















0 . 0 0 1
3.00e-02  
4.00e+00
0 . 0  
0.56e+00
2 21 1 .0 0 1 .0 0
1 ..000 1 .0 0 0 20 .000
1
1 1 42 7.505e-05 1
4 0 0 0
1 1 0 0.750e+0
2 1 0 0.750e+0
41 1 0 0.250e+0
42 1 0 0.250e+0
1
1 42 0 .0 0




0 1 CARD 3
1 0 0 0 0 CARD 4
CARD 5
1 0 0 1 0 0 CARD 6
CARD 8a
0 .0 0 .0 0 0 CARD 10
1 .00e+00 CARD 12a
0 .0 CARD 14










Figure 16: Input data for fixed heads with recharge problem.
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B .3  Trial 3 - Seepage Face
This example was supplied in the user’s manual (Huyakorn and others, 1988). It was 
used to test the code’s ability to simulate water table and seepage face conditions in 
cross section in a variably saturated system. Huyakorn and others (1988) compared 
VAM2D results to those obtained using other widely accepted codes, namely, UN- 
SAT2 and STFREE. The results obtained in this study duplicate those of listed in the 
user’s manual, which are very similar to results of the other two codes (Huyakorn and 
others, 1988, p. 4-12-4-13). Figure 17 contains input data for the seepage problem.
The seepage face example turned out to be a challenge more in data presentation 
than actual theoretical results. The unsaturated flow equation uses pressure head 
as the dependent variable. In order to present head data graphically as contours, 
elevation head is added to the pressure head to obtain total head. W ith a water table 
line the contours of total head above the water table are ignored and the contours 
below the water table are used for interpretation (see Figures 18 and 19).
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1
Steady state flow through an embankment
1 0 0 0 0 1 1 1
0 1 1 1 121 100 0 0
1 0 15 15 0 1 .00e-0 2
0 0 0 0 0 1 1 1
1 .00e+01
l.OOe-02 1 .00e-0 2 0 .00e+00 0 .00e+00
2. OOe-0 1 4.00e+00 5.62e-01 4.00e+00
11 11 1 .0 0 1 .0 0 0
1 .00 1 .0 0 1 0 .0 0 1 0 .0 0
16 3 0 0
1 1 0 1 0 .0 0
2 1 0 9.00
3 1 0 8 .0 0
4 1 0 7.00
5 1 0 6 .0 0
6 1 0 5.00
7 1 0 4.00
8 1 0 3.00
9 1 0 2 .0 0
10 1 0 1 .0 0
11 1 0 0 .0 0
111 1 0 2 .0 0
112 1 0 1 .0 0
113 1 0 0 .0 0
114 1 0 0 .0 0
115 1 0 0 .0 0
119 1 0 0 .0 0 0 .0 0
120 1 0 0 .0 0 0 .0 0
121 1 0 0 .0 0 0 .0 0
11 1
1 11 12 22 23 33 34 44
89 99 100 110 111 121
3 1
114 115 116
1 1 Card 3
1 0 1 0 0 CARD 4
CARD 5
1 0 0 1 0 0 CARD 6
CARD 8a
0 .00e+00 0 .00e+00 0 0 CARD 10
1 .00e+00 CARD 12a
0 .0 0 CARD 14
1 .0 0 1 .0 0 0 .0 0 0 .0 0
CARD 19a
CARD 19b




































Figure 19: Velocity vector plot of the seepage face problem.
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B .4  Trial 4 - Leaky A quifer
The leaky aquifer system is used to test a multi-layer cross-sectional system with dif­
fering hydraulic conductivities. The heads and conductivities prescribed in each layer 
determine the amount of leakage occuring. The input file is contained in Figure 20, 
the schematic in Figure 21, and the velocity vector plot in Figure 22. The analytic 
solution given by Bear (1979) is matched to three significant digits.
Leaky aquifer system
1 0 0 1 0 0 0 1 0 1 CARD 3
0 1 1 1 90 70 0 0 3 0 0 0 0 CARD 4
1 1 9 9 0 0 ..001 CARD 5
0 0 0 0 0 1 1 1 1 0 0 1 0 0 CARD 6
3.00e+2 CARD 8a
1 1 1 2 3 1 1 1 2 3 1 1 1 2 3 1
1 1 2 3 1 1 1 2 3 1 1 1 2 3 1 1
1 2 3 1 1 1 2 3 1 1 1 2 3 1 1 1
2 3 1 1 1 2 3 1 1 1 2 3 1 1 1 2
3 1 1 1 2 3 CARD 9
5.00e-02 5.00e- 0 2 0 .0 0 .0 0 . 0 0 .0 0 0 CARD 10
1.00e-03 1.00e-03 0 .0 0 .0 0 . 0 0 .0 0 0
1 .00e-0 2 1 .00e- 0 2 0 . 0 0 .0 0 . 0 0 .0 0 0
6 15 300.00 300.00 0 0 .0 CARD 14
















































































Figure 20: Input data for the leaky aquifer problem.
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<v7—c o n s ta n t  head B
Leaky  p h re a t ic  a q u i fe r
_ _ _ .Sen iperv ious la ye r .
Main a q u i fe r  
( leaky  confined)













I T I r t t T 1 T 1 T 1 1 I
T T I i i i T 1 1 1 T 1 1 T
x / / i \ \ \ V
.—* ✓ / \ \ s (■ ■
- - - - —* * - - - - -
0. 420. 840. 1260. 1600. 21 00. 2520. 2940. 3360. 3700. 4200.
Figure 22: Velocity vector plot of the leaky aquifer problem.
C M odel O utput
Following are the input and output files for the two scenarios simulated in this model. 
Recharge is not included in these files.
51
l
Yucca Mountain unconfined, cross-sectional flow
1 0 0 0 0 1 1 1 1 1 CARD 3
0 1 1 1 1378 1260 0 0 12 0 0 0 0 CARD 4
1 0 15 1 0 5.00e-01 CARD 5
0 1 0 0 3 1 1 1 1 0 1 1 0 0 CARD 6
000e+02 CARD 8a
4 3 3 2 2 2 2 2 2 1 1 1 4 3 3 2
2 2 2 2 2 1 1 1 4 3 3 2 2 2 2 2
2 1 1 1 4 3 3 2 2 2 2 2 2 1 1 1
4 3 3 2 2 2 2 2 2 1 1 1 4 3 3 2
2 2 2 2 2 1 1 1 4 3 3 2 2 2 2 2
2 1 1 1 4 3 3 2 2 2 2 2 2 1 1 1
4 3 3 2 2 2 2 2 2 1 1 1 4 3 3 2
2 2 2 2 2 1 1 1 4 3 3 2 2 2 2 2
2 1 1 1 4 3 3 2 2 2 2 2 2 1 1 1
4 3 3 2 2 2 2 2 2 1 1 1 4 3 3 2
2 2 2 2 2 1 1 1 4 3 3 2 2 2 2 2
2 1 1 1 4 3 3 2 2 2 2 2 2 1 1 1
4 3 3 2 2 2 2 2 2 1 1 1 4 3 3 2
2 2 2 2 2 1 1 1 4 3 3 2 2 2 2 2
2 1 1 1 4 3 3 2 2 2 2 2 2 1 1 1
4 3 3 2 2 2 2 2 2 1 1 1 4 3 3 2
2 2 2 2 2 1 1 1 4 3 3 2 2 2 2 2
2 1 1 1 4 3 3 2 2 2 2 2 2 1 1 1
4 3 3 2 2 2 2 2 2 1 1 1 4 3 3 2
2 2 2 2 2 1 1 1 4 3 3 2 2 2 2 2
2 1 1 1 4 3 3 2 2 2 2 2 2 1 1 1
4 4 3 2 2 2 2 2 2 1 1 1 4 4 3 2
2 2 2 2 2 1 1 1 4 4 3 2 2 2 2 2
2 1 1 1 4 4 3 2 2 2 2 2 2 1 1 1
4 4 3 2 2 2 2 2 2 1 1 1 4 4 3 2
2 2 2 2 2 1 1 1 4 4 3 2 2 2 2 2
2 1 1 1 4 4 3 2 2 2 2 2 2 1 1 1
4 4 4 2 2 2 2 2 2 1 1 1 4 4 4 22 2 2 2 2 1 1 1 4 4 4 2 2 2 2 2
2 1 1 1 4 4 4 2 2 2 2 2 2 1 1 1
4 4 4 10 2 2 2 2 2 1 1 1 4 4 4 10
2 2 2 2 2 1 1 1 4 4 4 10 2 2 2 2
2 1 1 1 4 4 4 10 7 2 2 2 2 1 1 1
4 4 4 10 7 2 2 2 2 1 1 1 4 4 4 10
7 2 2 2 2 1 1 1 4 4 4 10 7 2 2 2
2 1 1 1 4 4 4 10 7 2 2 2 2 1 1 1
4 4 4 10 7 2 2 2 2 1 1 1 4 4 4 10
7 7 2 2 2 2 1 1 4 4 4 10 7 7 2 2
2 2 1 1 4 4 4 10 7 7 2 2 2 2 1 1
4 4 4 10 7 7 7 2 2 2 1 1 4 4 4 10
7 7 7 7 2 2 1 1 4 4 4 10 7 7 7 7
2 2 1 1 4 4 4 10 7 7 7 7 2 2 1 1
4 4 4 10 7 7 7 7 2 2 1 1 4 4 4 10
7 7 7 7 2 2 1 1 4 4 4 10 7 7 7 7
7 2 1 1 4 4 4 10 7 7 7 7 7 2 1 1
4 4 4 10 7 7 7 7 7 2 1 1 4 4 4 10
7 7 7 7 7 2 2 1 4 4 4 10 7 7 7 7
7 7 2 1 4 4 4 10 7 7 7 7 7 7 2 1
4 4 4 10 7 7 7 7 7 7 2 1 4 4 4 10
Case I input file
52
7 7 7 7 7 7
7 7 7 1 4 4
5 5 5 11 8 8
8 8 8 8 8 8
8 8 8 8 5 5
5 5 5 11 8 8
8 8 8 8 8 8
8 8 8 8 5 5
5 5 5 11 8 8
8 8 8 8 8 8
8 8 8 8 5 5
6 6 6 12 9 9
9 9 9 9 9 9
9 9 9 9 6 6
6 6 6 12 9 9
9 9 9 9 9 9
9 9 9 9 6 6
6 6 6 12 9 9
9 9 9 9 9 9
9 9 9 9 6 6
6 6 6 12 9 9
9 9 9 9 9 9
9 9 9 9 6 6
6 6 6 12 9 9
9 9 9 9 9 9
9 9 9 9 6 6
6 6 6 12 9 9
9 9 9 9 9 9
9 9 9 9 6 6
6 6 6 12 9 9
3.660e-06 3.660e--06 0 .00e+00
4.660e-05 4.660e-•05 0 .00e+00
1.800e-05 1.800e--05 0 .00e+00
1.800e-05 1 . 800e--05 0 .00e+00
3.000e-06 3.OOOe--06 0 .00e+00
2.400e-06 2.400e--06 0 .00e+00
3.600e-05 3.600e-•05 0 .00e+00
5.100e-07 5.100e--07 0 .00e+00
1.800e-06 1.800e--06 0 .00e+00
6.000e-08 6 . OOOe--08 0 .00e+00
6.000e-09 6 . OOOe--09 0 .00e+00
6 .000e-09 6 . OOOe--09 0 .00e+00
3.00e-01 2 .00e+00 5.00e-01
3.00e-01 2 .00e+00 5.00e-01
3.00e-01 2 .00e+00 5.00e-01
3.00e-01 2 .00e+00 5.00e-01
3.00e-01 2 .00e+00 5.00e-01
3.00e-01 2 .00e+00 5.00e-01
3.00e- 0 1 2 .00e+00 5.00e-01
3.00e-01 2 .00e+00 5.00e-01
3.00e-01 2 .00e+00 5.00e-01
3.00e-01 2 .00e+00 5.00e- 0 1
3.00e-01 2 .00e+00 5.00e-01
3.00e-01 2 .00e+00 5.00e-01
13 106 1000.000 300.000
0 .0 0 1000.00 2000 .00
7 1 4 4 4 11
4 11 7 7 7 7
8 8 8 8 8 8
8 8 5 5 5 11
5 11 8 8 8 8
8 8 8 8 8 8
8 8 5 5 5 11
5 11 8 8 8 8
8 8 8 8 8 8
8 8 5 5 5 11
5 11 8 8 a 8
9 9 9 9 9 9
9 9 6 6 6 12
6 12 9 9 9 9
9 9 9 9 9 9
9 9 6 6 6 12
6 12 9 9 9 9
9 9 9 9 9 9
9 9 6 6 6 12
6 12 9 9 9 9
9 9 9 9 9 9
9 9 6 6 6 12
6 12 9 9 9 9
9 9 9 9 9 9
9 9 6 6 6 12
6 12 9 9 9 9
9 9 9 9 9 9
9 9 6 6 6 12
6 12 9 9 9 9
9 9 9 9 9 9
0 .00e+00 0 .00e+00 0 .00e+00
0 .00e+00 0 .00e+00 0 .00e+00
0 .00e+00 0 .00e+00 0 .00e+00
0 .00e+00 0 .00e+00 0 .00e+00
0 .00e+00 0 .00e+00 0 .00e+00
0 .00e+00 0 .00e+00 0 .00e+00
0 .00e+00 0 .00e+00 0 .00e+00
0 .00e+00 0 .00e+00 0 .00e+00
0 .00e+00 0 .00e+00 0 .00e+00
0 .00e+00 0 .00e+00 0 .00e+00
0 .00e+00 0 .00e+00 0 .00e+00















7 7 7 7
7 7 7 7
5 5 5 11
8 8 8 8
8 8 8 8
5 5 5 11
8 8 8 8
8 8 8 8
5 5 5 11
8 8 8 8
8 8 8 8
6 6 6 12
9 9 9 9
9 9 9 9
6 6 6 12
9 9 9 9
9 9 9 9
6 6 6 12
9 9 9 9
9 9 9 9
6 6 6 12
9 9 9 9
9 9 9 9
6 6 6 12
9 9 9 9
9 9 9 9
6 6 6 12
9 9 9 9
9 9 9 9
CARD 9
0 0 CARD 10
0 0 CARD 10
0 0 CARD 10
0 0 CARD 10
0 0 CARD 10
0 0 CARD 10
0 0 CARD 10
0 0 CARD 10
0 0 CARD 10
0 0 CARD 10
0 0 CARD 10















Case I input file
53
8000.00 9000.00 10000.00 11000.00
16000.00 17000.00 18000.00 19000.00
24000.00 25000.00 26000.00 27000.00
32000.00 33000.00 34000.00 35000.00
40000.00 41000.00 42000.00 43000.00
48000.00 49000.00 50000.00 51000.00
56000.00 57000.00 58000.00 58700.00
62575.00 63550.00 64525.00 65500.00
68090.00 68520.00 68950.00 69380.00
71600.00 72100.00 72600.00 73100.00
75600.00 76100.00 76600.00 77100.00
79600.00 80100.00 80600.00 81100.00
83600.00 84300.00
-1380.00 -980.00 -680.00 -380.00
620.00 820.00 102 0 .0 0 1220.00
1
1 738 803 1.79e~09 13
21 5 0 0
1 1 0 2000 .00
2 1 0 1600.00
3 1 0 1300.00
4 1 0 1000 .00
5 1 0 800.00
6 1 0 600.00
7 1 0 400.00
8 1 0 2 0 0 .0 0
9 1 0 0 0 .0 0
1366 1 0 2620.00
1367 1 0 2220 .00
1368 1 0 1920.00
1369 1 0 1620.00
1370 1 0 1400.00
1371 1 0 1200 .00
1372 1 0 1000 .00
1373 1 0 800.00
1374 1 0 600.00
1375 1 0 400.00
1376 1 0 200 .00
1377 1 0 0 0 .0 0
10 1 0 0 0 .0 0 00 .00
11 1 0 0 0 .0 0 0 0 .00
12 1 0 0 0 .0 0 0 0 .00
13 1 0 0 0 .0 0 00 .00
1378 1 0 0 0 .0 0 0 0 .00
26
1 2 3 4 5 6 7 8
1369 1370 1371 1372 1373 1374 1375 1376
106 1
1 13 14 26 27 39 40 52
105 117 118 130 131 143 144 156
209 221 222 234 235 247 248 260
313 325 326 338 339 351 352 364
417 429 430 442 443 455 456 468
521 533 534 546 547 559 560 572
625 637 638 650 651 663 664 676
729 741 742 754 755 767 768 780
12000.00 13000.00 14000.00 15000.00
200 0 0 .0 0 210 0 0 .0 0 22000 .00 23000.00
28000.00 29000.00 30000.00 31000.00
36000.00 37000.00 38000.00 39000.00
44000.00 45000.00 46000.00 47000.00
52000.00 53000.00 54000.00 55000.00
59425.00 60150.00 60875.00 61600.00
66150.00 66800.00 67230.00 67660.00
69810.00 70240.00 70670.00 71100.00
73600.00 74100.00 74600.00 75100.00
77600.00 78100.00 78600.00 79100.00
81600.00 82100.00 82600.00 83100.00
CARD 15a













53 65 66 78 79 91 92 104
157 169 170 182 183 195 196 208
261 273 274 286 287 299 300 312
365 377 378 390 391 403 404 416
469 481 482 494 495 507 508 520
573 585 586 598 599 611 612 624
677 689 690 702 703 715 716 728
781 793 794 806 807 819 820 832
Case I input file
54
833 845 846 858 859 871 872 884 885 897 898 910 911 923 924 936
937 949 950 962 963 975 976 988 989 1001 1002 1014 1015 1027 1028 1040
1041 1053 1054 1066 1067 1079 1080 1092 1093 1105 1106 1118 1119 1131 1132 1144
1145 1157 1158 1170 1171 1183 1184 1196 1197 1209 1210 1222 1223 1235 1236 1248
1249 1261 1262 1274 1275 1287 1288 1300 1301 1313 1314 1326 1327 1339 1340 1352
1353 1365 1366 1378 CARD 28b
Case I input file
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Yucca Mountain unconfined, cross-sectional flow
1 0 0 0 0 1 1 1
0 1 1 1 1378 1260 0 0
1 0 10 2 0 1.00e-01
0 0 0 0 3 1 1 1
000e+02
4 3 3 2 2 2 2 2
2 2 2 2 2 1 1 1
2 1 1 1 4 3 3 2
4 3 3 2 2 2 2 2
2 2 2 2 2 1 1 1
2 1 1 1 4 3 3 2
4 3 3 2 2 2 2 2
2 2 2 2 2 1 1 1
2 1 1 1 4 3 3 2
4 3 3 2 2 2 2 2
2 2 2 2 2 1 1 1
2 1 1 1 4 3 3 2
4 3 3 2 2 2 2 2
2 2 2 2 2 1 1 1
2 1 1 1 4 3 3 2
4 3 3 2 2 2 2 2
2 2 2 2 2 1 1 1
2 1 1 1 4 3 3 2
4 3 3 2 2 2 2 2
2 2 2 2 2 1 1 1
2 1 1 1 4 3 3 2
4 4 3 2 2 2 2 2
2 2 2 2 2 1 1 1
2 1 1 1 4 4 3 2
4 4 3 2 2 2 2 2
2 2 2 2 2 1 1 1
2 1 1 1 4 4 3 2
4 4 4 2 2 2 2 2
2 2 2 2 2 1 1 1
2 1 1 1 4 4 4 2
4 4 4 10 2 2 2 2
2 2 2 2 2 1 1 1
2 1 1 1 4 4 4 10
4 4 4 10 7 2 2 2
7 2 2 2 2 1 1 1
2 1 1 1 4 4 4 10
4 4 4 10 7 2 2 2
7 7 2 2 2 2 1 1
2 2 1 1 4 4 4 10
4 4 4 10 7 7 7 2
7 7 7 7 2 2 1 1
2 2 1 1 4 4 4 10
4 4 4 10 7 7 7 7
7 7 7 7 2 2 1 1
7 2 1 1 4 4 4 10
4 4 4 10 7 7 7 7
7 7 7 7 7 2 2 1
7 7 2 1 4 4 4 10
4 4 4 10 7 7 7 7
1 1 CARD 3
13 0 0 0 0 CARD 4
CARD 5
1 0 1 1 0 0 CARD 6
CARD 8a
2 1 1 1 4 3 3 2
4 3 3 2 2 2 2 2
2 2 2 2 2 1 1 1
2 1 1 1 4 3 3 2
4 3 3 2 2 2 2 2
2 2 2 2 2 1 1 1
2 1 1 1 4 3 3 2
4 3 3 2 2 2 2 2
2 2 2 2 2 1 1 1
2 1 1 1 4 3 3 2
4 3 3 2 2 2 2 2
2 2 2 2 2 1 1 1
2 1 1 1 4 3 3 2
4 3 3 2 2 2 2 2
2 2 2 2 2 1 1 1
2 1 1 1 4 3 3 2
4 3 3 2 2 2 2 2
2 2 2 2 2 1 1 1
2 1 1 1 4 3 3 2
4 3 3 2 2 2 2 2
2 2 2 2 2 1 1 1
2 1 1 1 4 4 3 2
4 4 3 2 2 2 2 2
2 2 2 2 2 1 1 1
2 1 1 1 4 4 3 2
4 4 3 2 2 2 2 2
2 2 2 2 2 1 1 1
2 1 1 1 4 4 4 2
4 4 4 2 2 2 2 2
2 2 2 2 2 1 1 1
2 1 1 1 4 4 4 10
4 4 4 10 2 2 2 2
7 2 2 2 2 1 1 1
2 1 1 1 4 4 4 10
4 4 4 10 7 2 2 2
7 2 2 2 2 1 1 1
2 1 1 1 4 4 4 10
4 4 . 4 10 7 7 2 2
7 7 2 2 2 2 1 1
2 2 1 1 4 4 4 10
4 4 4 10 7 7 7 7
7 7 7 7 2 2 1 1
2 2 1 1 4 4 4 10
4 4 4 10 7 7 7 7
7 7 7 7 7 2 1 1
7 2 1 1 4 4 4 10
4 4 4 10 7 7 7 7
7 7 7 7 7 7 2 1
7 7 2 1 4 4 4 10
Case II input file
82
7 7 7 7 7 7 7 1 4 4 4 13 7 7 7 7
7 7 7 1 4 4 4 11 7 7 7 7 7 7 7 7
5 5 5 11 8 8 8 8 8 8 8 8 5 5 5 11
8 8 8 8 8 8 8 8 5 5 5 11 8 8 8 8
8 8 8 8 5 5 5 11 8 8 8 8 8 8 8 8
5 5 5 11 8 8 8 8 8 8 8 8 5 5 5 11
8 8 8 8 8 8 8 8 5 5 5 11 8 8 8 8
8 8 8 8 5 5 5 11 8 8 8 8 8 8 8 8
5 5 5 11 8 8 8 8 8 8 8 8 5 5 5 11
8 8 8 8 8 8 8 8 5 5 5 11 8 8 8 8
8 8 8 8 5 5 5 11 8 8 8 8 8 8 8 8
6 6 6 12 9 9 9 9 9 9 9 9 6 6 6 12
9 9 9 9 9 9 9 9 6 6 6 12 9 9 9 9
9 9 9 9 6 6 6 12 9 9 9 9 9 9 9 9
6 6 6 12 9 9 9 9 9 9 9 9 6 6 6 12
9 9 9 9 9 9 9 9 6 6 6 12 9 9 9 9
9 9 9 9 6 6 6 12 9 9 9 9 9 9 9 9
6 6 6 12 9 9 9 9 9 9 9 9 6 6 6 12
9 9 9 9 9 9 9 9 6 6 6 12 9 9 9 9
9 9 9 9 6 6 6 12 9 9 9 9 9 9 9 9
6 6 6 12 9 9 9 9 9 9 9 9 6 6 6 12
9 9 9 9 9 9 9 9 6 6 6 12 9 9 9 9
9 9 9 9 6 6 6 12 9 9 9 9 9 9 9 9
6 6 6 12 9 9 9 9 9 9 9 9 6 6 6 12
9 9 9 9 9 9 9 9 6 6 6 12 9 9 9 9
9 9 9 9 6 6 6 12 9 9 9 9 9 9 9 9
6 6 6 12 9 9 9 9 9 9 9 9 6 6 6 12
9 9 9 9 9 9 9 9 6 6 6 12 9 9 9 9
9 9 9 9 6 6 6 12 9 9 9 9 9 9 9 9
6 6 6 12 9 9 9 9 9 9 9 9 CARD 9
6.385e-07 6.385e-■07 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0 0 CARD 10
5.338e-05 5. 338e-■05 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0 0 CARD 10
4.187e-06 4.187e-■06 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0 0 CARD 10
4.187e-06 4.187e--06 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0 0 CARD 10
4.187e-06 4.187e--06 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0 0 CARD 10
4.187e-06 4.187e--06 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0 0 CARD 10
6.176e-05 6.176e--05 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0 0 CARD 10
2.303e-09 2.303e--09 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0 0 CARD 10
1.047e-07 1.047e--07 0.00e+00 0.00e+00 O.OOe+OO 0.00e+00 0 0 CARD 10
1.748e-09 1.748e--09 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0 0 CARD 10
1.748e-09 1.748e--09 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0 0 CARD 10
1.748e-09 1.748e--09 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0 0 CARD 10
6.490e-07 6.490e--07 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0 0 CARD 10
3.00e-01 2.00e+00 5. OOe--01 1.00e+00 1.00e+00 CARD 12a
3.00e-01 2.00e+00 5. OOe--01 1.00e+00 1.00e+00 CARD 12a
3.00e-01 2.00e+00 5.00e-■01 1.00e+00 1.00e+00 CARD 12a
3.00e-01 2.00e+00 5. OOe--01 1.00e+00 1.00e+00 CARD 12a
3.00e-01 2.00e+00 5. OOe-■01 1.00e+00 1.00e+00 CARD 12a
3.00e-01 2.00e+00 5. OOe--01 1.00e+00 1.00e+00 CARD 12a
3.00e-01 2.00e+00 5. OOe--01 1.00e+00 1.00e+00 CARD 12a
3.00e-01 2.00e+00 5.00e-■01 1.00e+00 1.00e+00 CARD 12a
3.00e-01 2.00e+00 5. OOe--01 1.00e+00 1.00e+00 CARD 12a
3.00e-01 2.00e+00 5.OOe--01 1.00e+00 1.00e+00 CARD 12a
3.00e-01 2.00e+00 5. OOe--01 1.00e+00 1.00e+00 CARD 12a
3.00e-01 2.00e+00 5.00e-■01 1.00e+00 1.00e+00 CARD 12a
3.00e-01 2.00e+00 5. OOe-•01 1.00e+00 1.00e+00 CARD 12a
Case II input file
13 106 1000.000 300.000 1 0
0.00 1000.00 2000.00 3000.00
8000.00 9000.00 10000.00 11000.00
16000.00 17000.00 18000.00 19000.00
24000.00 25000.00 26000.00 27000.00
32000.00 33000.00 34000.00 35000.00
40000.00 41000.00 42000.00 43000.00
48000.00 49000.00 50000.00 51000.00
56000.00 57000.00 58000.00 58700.00
62575.00 63550.00 64525.00 65500.00
68090.00 68520.00 68950.00 69380.00
71600.00 72100.00 72600.00 73100.00
75600.00 76100.00 76600.00 77100.00
79600.00 80100.00 80600.00 81100.00
83600.00 84300.00
-1380.00 -980.00 -680.00 -380.00
620.00 820.00 1020.00 1220.00
21 5 0 0
1 1 0 2000.00
2 1 0 1600.00
3 1 0 1300.00
4 1 0 1000.00
5 1 0 800.00
6 1 0 600.00
7 1 0 400.00
8 1 0 200.00
9 1 0 00.00
1366 1 0 2610.00
1367 1 0 2210.00
1368 1 0 1910.00
1369 1 0 1610.00
1370 1 0 1400.00
1371 1 0 1200.00
1372 1 0 1000.00
1373 1 0 800.00
1374 1 0 600.00
1375 1 0 400.00
1376 1 0 200.00
1377 1 0 00.00
10 1 0 00.00 00.00
11 1 0 00.00 00.00
12 1 0 00.00 00.00
13 1 0 00.00 00.00
1378 1 0 00.00 00.00
26
1 2 3 4 5 6 7 8
1369 1370 1371 1372 1373 1374 1375 1376
106 1
1 13 14 26 27 39 40 52
105 117 118 130 131 143 144 156
209 221 222 234 235 247 248 260
313 325 326 338 339 351 352 364
417 429 430 442 443 455 456 468
521 533 534 546 547 559 560 572
625 637 638 650 651 663 664 676
729 741 742 754 755 767 768 780
000 CARD 14
4000.00 5000.00 6000.00 7000.00
12000.00 13000.00 14000.00 15000.00
20000.00 21000.00 22000.00 23000.00
28000.00 29000.00 30000.00 31000.00
36000.00 37000.00 38000.00 39000.00
44000.00 45000.00 46000.00 47000.00
52000.00 53000.00 54000.00 55000.00
59425.00 60150.00 60875.00 61600.00
66150.00 66800.00 67230.00 67660.00
69810.00 70240.00 70670.00 71100.00
73600.00 74100.00 74600.00 75100.00
77600.00 78100.00 78600.00 79100.00
81600.00 82100.00 82600.00 83100.00
CARD 15a






9 10 11 12 13 1366 1367 1368
L377 1378 CARD 27b
CARD 28a
53 65 66 78 79 91 92 104
157 169 170 182 183 195 196 208
261 273 274 286 287 299 300 312
365 377 378 390 391 403 404 416
469 481 482 494 495 507 508 520
573 585 586 598 599 611 612 624
677 689 690 702 703 715 716 728
781 793 794 806 807 819 820 832
Case II input file
84
833 845 846 858 859 871 872 884
937 949 950 962 963 975 976 988
1041 1053 1054 1066 1067 1079 1080 1092
1145 1157 1158 1170 1171 1183 1184 1196
1249 1261 1262 1274 1275 1287 1288 1300
1353 1365 1366 1378
885 897 898 910 911 923 924 936
989 1001 1002 1014 1015 1027 1028 1040
1093 1105 1106 1118 1119 1131 1132 1144
1197 1209 1210 1222 1223 1235 1236 1248
1301 1313 1314 1326 1327 1339 1340 1352
CARD 28b
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Case II output file
I l l
D  S en sitiv ity  to  H ydraulic C onductiv ity
The following plots show the change in the modeled water table at observation points 
versus hydraulic conductivity of the indicated m odel zone. The more sensitive the 
water table is to change of the hydraulic conductivity, the more likely the conductivity  
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Figure 23: Change in water table elevation versus hydraulic conductivity o f zone 2 at 
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Figure 24: Change in water table elevation versus hydraulic conductivity of zone 3 at 
various locations along the cross section, Case I.
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Figure 25: Change in water table elevation versus hydraulic conductivity of zone 4 at 
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Figure 26: Change in water table elevation versus hydraulic conductivity of zone 5 at 
various locations along the cross section, Case I.
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Figure 27: Change in water table elevation versus hydraulic conductivity of zone 6 at 
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Figure 28: Change in water table elevation versus hydraulic conductivity of zone 7 at 
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Figure 29: Change in water table elevation versus hydraulic conductivity o f zone 8 at 












a -6  - 
d
m




o -16  H
a e o t l o n  lo o a t io n
— 15 k m
3 3  k m
6 6 .6  k m
- B - 6 8  k m
—X— 7 1 .6  k m
- 3 - 8 0 .1  k m
1.000E-09 1.000E-08 1.000E-07 1.000E-06
Hydraulic Conductivity (m/s)
Figure 30: Change in water table elevation versus hydraulic conductivity o f zone 9 at 
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Figure 31: Change in water table elevation versus hydraulic conductivity o f zone 10 at 
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Figure 32: Change in water table elevation versus hydraulic conductivity o f zone 2 at 
various locations along the cross section, Case II.
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Figure 33: Change in water table elevation versus hydraulic conductivity of zone 3 at 
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Figure 34: Change in water table elevation versus hydraulic conductivity o f zone 4 at 
various locations along the cross section, Case II.
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Figure 35: Change in water table elevation versus hydraulic conductivity of zone 5 at 
various locations along the cross section, Case II.
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Figure 36: Change in water table elevation versus hydraulic conductivity of zone 6 at 
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Figure 37: Change in water table elevation versus hydraulic conductivity o f zone 7 at 







a e o t l o n  lo o a t io n
—— 15 k m
- t - 3 3  k m
6 6 .6  km
- H - 6 8  km
- X - 7 1 .6  k m
8 0 .1  k m
1.000E-09 1.000E-08 1.000E-07 1.000E-06 1.000E-05 
Hydraulic Conductivity (m/a)
Figure 38: Change in water table elevation versus hydraulic conductivity o f zone 8 at 
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Figure 39: Change in water table elevation versus hydraulic conductivity o f zone 9 at 
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Figure 40: Change in water table elevation versus hydraulic conductivity of zone 10 at 
various locations along the cross section, Case II.
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Figure 41: Change in water tab le elevation versus hydraulic conductivity of the break in 
the aquitard that allows concentrated leakage, Case II.
